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Abstract
We examine various possibilities for realistic 5D higgsless models and construct a
full quark sector featuring next-to-minimal flavor violation (with an exact bulk SU(2)
protecting the first two generations) satisfying electroweak and flavor constraints. The
“new custodially protected representation” is used for the third generation to protect
the light quarks from flavor violations induced due to the heavy top. A combination of
flavor symmetries, and RS-GIM for the right-handed quarks suppresses flavor-changing
neutral currents below experimental bounds, assuming CKM-type mixing on the UV
brane. In addition to the usual higgsless RS signals, this model predicts an exotic
charge-5/3 quark with mass of about 0.5 TeV which should show up at the LHC very
quickly, as well as nonzero flavor-changing neutral currents which could be detected in
the next generation of flavor experiments. In the course of our analysis, we also find
quantitative estimates for the errors of the fermion zero mode approximation, which
are significant for higgsless-type models.
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1 Introduction
One of the most important unresolved questions in particle physics is how exactly the elec-
troweak symmetry is broken. The standard model higgs mechanism provides ample moti-
vation to come up with alternatives. An interesting new possibility is provided by higgsless
models [1–5] with a warped extra dimension [6]. A Higgs field localized on the IR brane
of an RS background is decoupled by taking its VEV to be very large, while the masses of
the W and Z bosons remain finite and are set by the size of the extra dimension. Unitarity
of the gauge boson scattering amplitudes can then be ensured via heavy KK gauge boson
exchange. Such models would solve the little hierarchy problem of Randall-Sundrum setups
and have very distinctive phenomenological consequences. However, it is not clear whether
these higgsless RS models can be made completely viable: a large correction to the S pa-
rameter makes it difficult to match electroweak precision data, the cutoff scale has to be
adequately raised to ensure unitarization happens at weak coupling, and generically FCNC’s
are not adequately suppressed. Many of these initial difficulties have been at least partially
addressed. One can tune the effective S-parameter away by making the fermion left-handed
fermion wave functions close to flat [7], and choosing the right fermion representations can
prevent the large top mass from introducing coupling deviations in the Zbb-vertex [8,9]. The
cutoff scale can also be raised by lowering the curvature of the extra dimension [7]. However,
once the fermion wave functions are required to be close to flat, the traditional anarchic
RS approach to flavor [10–14] (where fermion wave function overlaps generate fermion mass
hierarchies and also give a protection called RS-GIM against FCNC’s [12]) can no longer
be applied. A possible resolution to this problem is to introduce a genuine five-dimensional
GIM mechanism, which uses bulk symmetries to suppress flavor violation [15]. The trick is to
impose global flavor symmetries on the bulk, with a large subgroup left unbroken on the IR
brane and flavor mixing forbidden anywhere except the UV brane. One can then construct
a model where tree-level FCNC’s are genuinely vanishing, with the downside that we are
no longer trying to explain the quark mass and mixing hierarchies, merely accommodating
them.
The aim of this paper is to examine the flavor bounds (similar to [16, 17] on higgsless
models and to present a viable flavor construction for these theories (see [18, 19] for other
examples in an RS context). We have to circumvent the problems usually associated with
higgsless models by ensuring that
• all FCNCs are sufficiently suppressed,
• all tree-level electroweak precision constraints are satisfied,
• the cutoff scale is sufficiently high.
We show that the simplest versions of such a model cannot be realistic: imposing an exact
GIM mechanism for all three generations either drives up the cutoff scale or prevents the
S-parameter from being cancelled. Instead, the realistic flavor model we propose will have
next-to minimal flavor violation (NMFV) [15], featuring a custodially protected quark rep-
resentation for the third generation, and an exact GIM mechanism implemented for the first
two generations only. This choice of representations allows us to isolate the lighter quarks
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from the dangerous top mass and prevent a large S-parameter without having to increase the
bulk coupling and decrease the cutoff scale. Flavor-changing neutral currents are controlled
by two main mechanisms:
1. The surviving flavor symmetry between the first two generations forces all the mixing
to go through the third generation (hence NMFV), which is vital to reduce D and K
mixing.
2. Kinetic mixing terms on the UV confine the right-handed fermions to the UV brane
and reduce bulk contributions to the couplings, which are the source of off-diagonal
neutral couplings. This results in an RS-GIM-like flavor suppression mechanism for
the right-handed fermions.
We also have some freedom to distribute the required charged-current mixing amongst the
up- and down-sectors, which reduces neutral-current mixing in each sector. All of this is
necessary to sufficiently suppress flavor violation. We find that experimental FCNC bounds
systematically constrain the down-sector mixing angles, forcing them to lie within a volume
of angle space that is enclosed by a well-defined surface. Assuming the UV kinetic mixing
terms obey a Cabibbo-type mixing hierarchy, this volume occupies ∼ O(5%) of available
angle space.
This paper is structured as follows: in Section 2 we review the 5D GIM mechanism
and introduce the quark representations we will be using. In Section 3 we outline our
NMFV quark model and show compliance with electroweak precision data (EWPD). We
also examine in detail the errors introduced by the zero mode approximation, and find that
one can have zero S-parameter without flatness, provided there is a lot of KK mixing on the
IR brane. The flavor suppression mechanisms of the NMFV model are derived in Section
4 and demonstrated with the gluon KK contribution to FCNC’s in Section 5. Numerical
results for the mixing constraints are presented in Section 6, and we conclude with Section
7.
2 Setup
After briefly reviewing the gauge sector, we will discuss the full 5D GIM mechanism [15] and
how one could apply it to various simple quark models. This will motivate the construction
of our Next-to Minimal Flavor Violation Model in Section 3.
2.1 Gauge Sector
We work on an AdS5 background and parameterize our space-time using conformal coordi-
nates
ds2 =
(
R
z
)2
(dxµdxνη
µν − dz2) (2.1)
where the UV and IR branes sit at z = R,R′ respectively. Our gauge sector takes the
standard RS form [20] with 〈H〉 → ∞ on the IR brane, as outlined in [21]. This means we
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have an SU(3)c×SU(2)L×SU(2)R×U(1)X gauge group [20] in the bulk (where X = B−L),
which is broken by boundary conditions to SU(3)c × SU(2)L ×U(1)Y on the UV brane and
SU(3)c × SU(2)D × U(1)X on the IR brane. The custodial SU(2)R symmetry protects the
MW/MZ ratio from deviations at tree level, and the gauge boson mass is given by the size
of the extra dimension. For future convenience, let us define
L ≡ logR′/R. (2.2)
Then to leading order in L,
M2W ≈
1
R′2L
. (2.3)
On a technical note, we include all brane-localized gauge kinetic terms (BKTs) that are
allowed by symmetries, and include their corrections due to 1-loop running effects on their
respective branes [22]. This means that the effective SU(2)L BKT on the UV brane can be
negative at the weak scale. We will also localize some fermions on the UV brane, making
the effective U(1)Y BKT always positive (but the effect is very small). Unless otherwise
mentioned, we set all effective BKTs to zero at the weak scale except for U(1)Y , for which
we set the bare term to zero. We also set the effective SU(3) BKTs to zero, but note that
they could be made negative at the weak scale.
In addition to the BKTs, the free input parameters in the gauge sector are R and the
ratio g5R/g5L. The SM W,Z masses then determine R
′ and g5X/g5L, while αEM and αs at the
weak scale set the overall size of the 5D couplings. All of our gauge bosons are canonically
normalized, with all electroweak coupling corrections (including S and T parameters) pushed
into interaction terms.
Our theory is valid up to a momentum cutoff, which in AdS5 space is given conservatively
by
Λcutoff ∼ 16pi
2
g25
R
R′
(2.4)
where g5 is the largest 5-dimensional coupling. If we take g5L = g5R, then to leading order
in L the 4D coupling g can be expressed as g2 = g25/RL [21], which together with eq. (2.3)
gives
Λcutoff ∼ 16pi
2
g2
MW√
L
≈ 29 TeV√
L
. (2.5)
If we had a physical higgs on the IR brane we could freely choose our KK scale and make
the cutoff large, but in the higgsless model we must choose a low curvature to unitarize
WW -scattering before the theory becomes strongly coupled. We set R−1 = 108 GeV which
gives L ≈ 13 and Λcutoff ∼ 8 TeV. We also choose g5L = g5R, since gauge matching would
decrease the cutoff if we made the couplings different. The Z ′ mass is therefore fixed and of
order ∼ 700 GeV.
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2.2 The Fermion Sector
Our notation for a 5D Dirac fermion will be
Ψ =
(
χ
ψ
)
(2.6)
where χ and ψ are both LH 2-component Weyl spinors, and hence ψ is a RH 2-component
spinor. We write the boundary conditions for each Dirac spinor as (±,±) at z = (R,R′),
where + means ψ = 0 and − means χ = 0. The normalized left-handed zero-mode profile is
given by
g0(z) = R
′−1/2
( z
R
)2 ( z
R′
)−c
f(c), where f(c) =
√
1− 2c
1− (R′
R
)2c−1 (2.7)
is the RS flavor function. The right-handed profile f0(z) is defined identically, with c→ −c.
5D GIM Mechanism
For three generations of a given quark representation we can impose global flavor symmetries
that prevent FCNCs at tree-level while generating all the required masses and mixings [12].
In broad strokes, those symmetries must satisfy the following criteria:
1. We need to have enough freedom to generate 6 different 4D quark masses and reproduce
the CKM mixing matrix.
2. To ensure that flavor-violating operators are suppressed by the high scale 1/R, we
only allow flavor mixing on the UV brane, via right-handed kinetic terms for the up
and down sector independently. Left-handed mixing is assumed to be forbidden by
flavor symmetry, since otherwise the right- and left-handed kinetic terms cannot be
diagonalized simultaneously and there would be FCNCs.
3. If we switch off the charged-current interactions we should be able to use the symmetries
of the bulk and IR brane to diagonalize the UV mixing matrices. This makes the neutral
currents diagonal in the 4D mass basis and forbids tree-level FCNCs.
We will now see how this mechanism can be applied to various simple quark models.
The Left-Right Symmetric Representation
The simplest potentially realistic quark representation is the left-right symmetric represen-
tation, which has been adopted in [2, 7, 21]:
QL =
(
u
d
)
L
∼ (2, 1)1/6 QR =
(
u
d
)
R
∼ (1, 2)1/6 (2.8)
We impose the boundary conditions (+,+) on uL and (−,−) on uR to obtain left-handed and
right-handed zero modes (similarly for d). On the IR brane, both QL and QR are SU(2)D
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doublets, so we can write a Dirac mass mixing term [23] to lift the zero modes,
SIR =
∫
d5x
(
R
z
)4
δ(z −R′) MDR′ QLQR + h.c. (2.9)
On the UV brane, the QR doublet breaks up into two SU(2)L singlets, allowing us to assign
brane-localized kinetic terms to uR and dR separately and supply the proper mass splitting.
If we want to implement the full 5D GIM mechanism using this representation, we
populate the bulk with three copies of QL, QR and impose flavor symmetries Gbulk =
SU(3)QL × SU(3)QR and GIR = SU(3)D. This makes the bulk masses cQL , cQR and the
IR Dirac mass MD flavor blind. On the UV brane we allow only kinetic mixing of the QR
fields, which take the form ∫
d5x
(
R
z
)4
δ(z −R)ψασµDµKαβψβ (2.10)
for both uR and dR, where Ku, Kd are two independent hermitian matrices and α, β are flavor
indices. To forbid left-handed mixing, we impose the flavor symmetry GUV = SU(3)QL ×
U(1)uR × U(1)dR .
If we switch off the charged-current interactions, the u, d symmetries become independent
and GIR → SU(3)u × SU(3)d, similarly in the bulk. These symmetries are broken on the
UV brane, but we can use them to diagonalize the Ku, Kd mixing matrices and end up
with GUV ⊃ U(1)3u × U(1)3d, which prevents tree-level FCNCs. Another way to see this is
as follows: since all other mass and kinetic terms in the action are flavor singlets, we can
go to the 4D mass basis by rotating the fermions in flavor space and diagonalizing Ku,d.
This pushes all the physical mixing into the charged-current couplings, giving us exactly the
standard model CKM structure.
The main problem with this model is the top quark. To make it heavy, we must localize
it close to the IR brane and make MD large. The flavor symmetry then forces all the quarks
to be close to the IR, generating a large negative S-parameter. The large flavor-blind MD
has two additional dangerous effects: Firstly, the L − R mixing causes left-handed quarks
to live partially in the R representation (and vice versa), which induces even more coupling
corrections since it has the wrong quantum numbers. Secondly, the KK mixing causes the
light quarks to live partially in KK modes, resulting in dangerously high couplings to gauge
KK modes.
One could try to address these problems by increasing the SU(2)D IR kinetic term, which
corresponds to adding a positive bare S parameter on the IR brane, but this is not viable.
The matching of gauge couplings would force the coupling in the bulk to increase, lowering
our cutoff to ∼ O(1 TeV) and making the theory non-perturbative before the unitarization
mechanism of higgsless RS models kicks in. We clearly need some way to protect the other
quarks from deviations due to the heavy top mass.
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The Custodially Protected Representation
Focusing on the third generation only for a moment, the problem with the left-right sym-
metric representation is that the effects of the top mass are felt by the left-handed bottom
(we can localize the right-handed bottom on the UV brane). Agashe et. al [8] realized that
deviations to those couplings could be avoided if
• the tR is not in the same representation as any field which can mix with bL, so that the
top can have a separate IR Dirac mass that is not communicated to the bottom, and
• the representations that house the left-handed b are symmetric under SU(2)L ↔
SU(2)R interchange. This ensures that the L and R couplings are the same, meaning
the bL couples to a linear combination of gauge bosons which is flat near the IR brane.
Its couplings are therefore protected from deviations due to the SU(2)L × SU(2)R →
SU(2)D breaking.
In the notation of [9], the simplest representation which (almost) satisfies these requirements
is:
ΨL =
(
XL tL
TL bL
)
∼ (2, 2)2/3 ΨR =
 XRTR
bR
 ∼ (1, 3)2/3 tR ∼ (1, 1)2/3 (2.11)
For the t, b quarks we impose the same boundary conditions as for the quarks in the left-right
symmetric representation, while we make the exotic T , X quarks (with electric charge 2/3
and 5/3 respectively) heavy by imposing mixed boundary conditions (−,+) for XL, TL and
(+,−) for XR, TR.
On the IR brane, the ΨL bidoublet breaks down into an SU(2)D triplet and a singlet,
which can mix with ΨR and tR.
ΨtripletL =
 XLT˜L
bL
 ≡
 XL1√
2
(tL + TL)
bL
 , ΨsingletL = t˜L ≡ 1√2(tL − TL) (2.12)
Hence the allowed Dirac mass term on the IR brane is
SIR =
∫
d5x
(
R
z
)4
δ(z −R′) R′
[
M3ΨRΨ
triplet
L +M1tRΨ
singlet
L + h.c.
]
, (2.13)
so we can make M1 large to get a heavy top without influencing any field with the quantum
numbers of the bottom. Also note that the custodial protection granted by this represen-
tation is not complete: KK-mixing via the M3 mass term causes the left-handed b to live
partially in bR, which is not part of a L ↔ R symmetric representation.1 This turns out
to be good thing, since the fully protected coupling is a few percent too large in higgsless
models (just the effect of the S-parameter). We can reduce it by localizing the bR closer
to the UV brane, which increases M3 (for a given 4D bottom mass) and hence increases
1To make it L↔ R symmetric we would have to extend ΨR to a (1, 3)⊕ (3, 1).
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KK-mixing. This in turn decreases the coupling, since it makes the LH bottom sensitive to
the gauge boson profiles near the IR brane.
The unique features of this representation allow us to implement the full 5D GIM mech-
anism in a rather different fashion from the previous case. To protect the up and charm
quarks from the heavy top, we make M1 different for each quark generation and forbid all
up-sector flavor mixing, including on the UV brane. The down sector symmetries, on the
other hand, are chosen very similarly to the left-right symmetric representation: M3 is flavor
blind and large enough to generate the bottom mass, and a kinetic mixing matrix Kd on the
UV brane generates quark mixing in the down sector (and hence all the physical quark mix-
ing). This amounts to imposing the flavor symmetry Gbulk = SU(3)ΨL×SU(3)ΨR×SU(3)uR ,
which gets broken down to GIR = SU(3)triplets × U(1)singlets on the IR brane, and GUV =
SU(3)ΨL ×U(1)dR × SU(3)uR on the UV brane (we also set all brane kinetic terms for X,T
fields to zero). FCNCs are prevented in the exact same fashion as for the left-right symmetric
model, except we now only have to diagonalize the down sector.
Nevertheless, a higgsless quark model using only the custodially protected representation
is not viable. ΨR must be close to the UV to match gdi`di` to the SM. This fixes cdR while
leaving the ΨL bulk mass cL unconstrained due to custodial protection. The problem is a
tension between the LH up-type couplings and the RH bottom coupling. gZui`ui` can only
be matched if ΨL → UV, since it is not protected and suffers large corrections near the IR
brane. gZbrbr has the opposite requirement. If M3 is the minimal value to give mb, bR lives
entirely in the bulk. It must therefore be close to the UV brane to make it insensitive to
the broken symmetry on the IR brane, which is not a problem. However, if bL ⊂ ΨL → UV,
then M3 must be very large to generate mb, which increases KK mixing and makes gZbrbr
sensitive to the IR brane again, reducing the coupling below SM. So while matching the LH
up-type couplings to the SM requires ΨL → UV, the RH bottom coupling requires ΨL → IR.
It is not possible to match both simultaneously. One might try to increase M3 and confine
the RH bottom to the UV brane, allowing ΨL to be closer to the UV, but this also increases
T -mixing with the up-type quarks, which forces ΨL even closer to the UV to get a match.
One cannot achieve overlap.
So while this model can protect the left-handed bottom couplings, the 5D GIM mechanism
forces all the up-type quarks to behave like the troublesome top, and their couplings cannot
be matched to the SM simultaneously with the RH bottom.
3 The NMFV Quark Model
The complete 5D GIM mechanism is too restrictive for higgsless RS model-building. We have
to give up a some flavor protection in exchange for agreement with electroweak precision
data, while ensuring that FCNCs are still under control. This motivates us to combine both
representations in a single quark model with next-to minimal flavor violation, harnessing
their complementing strengths while keeping as much flavor symmetry as possible.
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3.1 Setup
Two copies of QL, QR with bulk masses cQL , cQR make up the first two generations, while
the third generation is contained in the custodially protected ΨL,ΨR, tR with bulk masses
cL, cbR , ctR . This protects the other quarks from the influence of the heavy top while enabling
us to match all fermion couplings to experimental data. (Note that the top couplings are
poorly constrained.) The form of the respective IR Dirac mass terms are given in equations
(2.9) and (2.13). We impose the flavor symmetry Gbulk = SU(2)QL × SU(2)QR in the bulk,
which is broken down to GIR = SU(2)D on the IR brane. This means that the first two
generations have the same IR Dirac mass MD and bulk masses. The third generation has
the IR Dirac masses M3 for the SU(2)D triplet (which includes the bottom) and M1 for
the singlet (which supplies mass to the top). To provide flavor mixing and differentiate the
quark masses of the first two generations, we must introduce general hermitian 3× 3 kinetic
mixing matrices Ku and Kd as in eq. (2.10). Therefore, the flavor symmetry on the UV
brane is GUV = SU(3)QL × U(1)uR × U(1)dR (where the third QL is contained in ΨL).
We can see immediately that there will be FCNCs in this model. The flavor symmetry
is explicitly broken by choosing a different quark representation for the third generation. If
we switch off the charged currents, we only have SU(2) symmetries available, which are not
enough to diagonalize the kinetic mixing matrices on the UV brane. However, as we will
see, this partial symmetry is enough to force all mixing to go ‘through the third generation’
and suppress 12-mixings.
3.2 Going to 4D Mass Basis
We can solve the bulk equations with the appropriate BC’s to compute the entire KK tower
of fermion wave functions. After integrating out the 5th dimension, we end up with a 4D
action containing the following terms (using matrix notation in flavor/KK space):
4D mass terms ψu,dMu,dχu,d,
RH kinetic mixing terms ψu,d σ
µ(1 + fu,dKu,dfu,d)∂µψu,d ≡ ψu,d σµκu,d∂µψu,d,
coupling terms like χuσ
µZ
(n)
µ g
(n)
ZuLuL
χu,
(3.1)
where (n) is a gauge boson KK index, fu,d is a diagonal matrix of the right-handed fermion
wave functions evaluated at z = R, and Ku,d is the UV brane kinetic mixing matrix.
To go to 4D mass basis, we must first diagonalize and canonically normalize the kinetic
mixing term by rotating the RH spinors with a hermitian matrix H. Once the kinetic
terms are flavor singlets we can diagonalize the mass matrices with the usual biunitary
transformation. We will always distinguish quantities in the physical basis with a ‘mass’
superscript from quantities in the original flavor basis without superscript. The quark spinors
in the mass basis are related to the flavor basis in the following way:
χu = ULuχ
mass
u χd = ULdχ
mass
u
ψu = HuURuψ
mass
u ψd = HdURdψ
mass
d .
(3.2)
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Applying this transformation to the the mass terms, the left/right-handed neutral couplings
(denoted generically by gL/gR), and the left/right-handed W couplings, we get:
Mmassu = U
†
RuH
†
uMuULu M
mass
d = U
†
RdH
†
dMdULd
gmassLu = U
†
LugLuULu g
mass
Ru = U
†
RuH
†
ugRuHuURu
gmassLd = U
†
LdgLdULd g
mass
Rd = U
†
RdH
†
dgRdHdURd
gmassWuLdL = U
†
LugWuLdLULd g
mass
WuRdR
= U †RuH
†
ugWuRdRHdURd
(3.3)
There is a very useful relation which we will need later. We simply write out |Mmass|2 =
Mmass†Mmass = MmassMmass† (sinceMmass is diagonal). Keeping in mind that theH matrices
are hermitian and H2 = κ−1, we find
|Mmassu |2 = U †Lu
(
M †uκ
−1
u Mu
)
ULu = U
†
RuH
†
uMuM
†
uHuURu (3.4)
|Mmassd |2 = U †Ld
(
M †dκ
−1
d Md
)
ULd = U
†
RdH
†
dMdM
†
dHdURd.
The exotic X-quark with charge 5/3 is an interesting experimental signature of our model.
Its mass is roughly half a TeV and it couples to the top via charged-current interactions (in
the flavor basis) with coupling strength comparable to but generically less than g/
√
2. The
coupling in the mass basis is
gmassWXLuL = gWXLuLULu
gmassWXRuR = gWXRuRHuURu.
(3.5)
Detection could be possible at the LHC with less than 100 pb−1 of integrated luminosity [24].
3.3 Satisfying Electroweak Precision Data and CDF Bounds
It is not hard to see why this model can satisfy electroweak precision constraints. The heavy
top mass does not influence the other quarks, and the correct bottom couplings can be
achieved by moving ΨL ⊃ tL, bL and tR close to the IR brane, while the ΨR ⊃ bR is close to
the UV [9]. The top couplings will deviate from the SM value, but this is acceptable since
it is poorly constrained experimentally. The first- and second-generation couplings can be
made to agree with the SM by adjusting cQL , cQR ∼ 0.5, and we have enough freedom to
choose IR Dirac masses and UV kinetic terms to generate all the different quark masses and
mixings. It is worth noting that the QL,R bulk masses can take on a range of values, due
to the effect of KK-mixing which we will discuss in Section 3.5. We explicitly demonstrated
EWPD compliance using two different numerical calculations. In the first, we assumed that
there is no flavor mixing and absorbed the diagonal boundary terms into BC’s. In the second
there was flavor mixing, and we followed the procedure of Section 3.2: using the zero mode
approximation in which the boundary terms act as mixing terms between zero modes and
KK modes.
One of the canonical signatures of higgsless models are light gauge KK-modes with a mass
of ≈ 700 GeV. This is low enough to warrant closer inspection of current CDF bounds [25–27]
9
to make sure our model is not already excluded. The CDF searches for heavy gauge bosons
focus on resonant pair production processes of the form (light quark pair) → (heavy gauge
boson) → (some fermion pair, e.g. ee, tb). Assuming that the coupling to the heavy gauge
boson is the same as to the SM counterpart for both the initial and final fermion states,
the CDF bounds are mW ′ ,mZ′ >∼ 800 GeV. However, those bounds must be adjusted for
our model since the coupling of gauge KK modes is very suppressed for the first two quark
generations, and somewhat enhanced for the third generation.
quark generation approx. coupling as a multiple of SM
Z ′ W ′ G′
1, 2 (LH) < 1/5 1/100 < 1/4
1, 2 (RH) 1/5 1/100 1/4
3 2− 4 1 2
(3.6)
Since the light left-handed quarks are not UV-localized, their couplings depend sensitively on
the bulk masses and can be very small. Leptons in our model would have similar couplings
to the light quarks. It is clear that the coupling suppression increases the mW ′ ,mZ′ bounds
from leptonic and tb-channel searches way beyond our KK-scale of 700 GeV. Due to low
tt-detection efficiencies, the tt-channel also does not supply a meaningful mZ′ bound [26].
Only the constraints on mG′ from [27] require closer inspection. Their analysis assumed
vector-like couplings to G′ which were parameterized as glight quarks = λqgs and gtop = λQgs.
The bounds on mG′ depend on λ = λgλQ and the width Γ of G
′. If we assume that we can use
those bounds for our chiral couplings by simply averaging and setting λq =
1
2
(λqL + λqR) ≈
0.25− 0.5, we can extract an approximate bound of Γ/mG′ >∼ 0.2 on the width of our KK-
gluon if its mass is ≈ 700 GeV. We have not calculated the width of the G′ since it depends
on several parameters that are not completely fixed in our model, but Γ/mG′ ∼ 0.2 is not an
atypical value for RS KK-gluons, see for example [28]. Furthermore, we can also decrease λ
by another factor of ∼ 4 by taking into account 1-loop RGE corrections to the SU(3)c UV
brane kinetic term, as outlined in Section 2.1. This alleviates any concern that our model
might be excluded by CDF bounds. However, the relatively light G′ should certainly be
detected at the LHC.
3.4 Counting Physical Parameters and the Meaning of Large UV
Kinetic Terms
Each N × N hermitian UV kinetic mixing matrix Ku, Kd is defined by N2 parameters,
N(N + 1) real elements and N(N − 1) complex phases. For N = 3, this gives a total of 12
real parameters and 6 phases. We can always do an SU(2) × U(1) flavor rotation, which
corresponds to eliminating unphysical parameters: it removes 1 angle and 3 phases. This
leaves us with 11 real parameters and 3 phases, which includes the 6 quark masses. Hence
the parameters in the flavor sector are 6 quark masses, 5 mixing angles and 3 phases, as well
as 3 IR Dirac masses MD,M1 and M3.
At this point a remark about the size of the UV kinetic terms is in order. The Ku,d
matrix elements will be very large, generically ∼ [O(102)−O(109)]R, but this is no cause for
10
concern. After canonically normalizing, the magnitude of the K’s will merely specify what
fraction of the fermions lives on the UV brane (i.e. is elementary in the AdS/CFT picture),
and how much lives in the bulk (i.e. is composite). In our model the right-handed quarks
are almost entirely confined to the UV brane, only slightly dipping into the bulk to mix with
the left-handed quarks on the IR brane and generate a Dirac mass.
3.5 The Zero Mode Calculation
The fermion zero mode approximation enormously simplifies matching and mixing calcula-
tions, and we can use it to gain a great deal of insight into the flavor protection mechanisms
of our model. However, KK mixing is much more significant for higgsless models than for
standard RS with multi-TeV KK masses, so we need to investigate the range of validity of
this approximation in detail if we want to trust our calculations.
Error Estimate
Consider a simple toy-model with a single generation of quarks in the left-right symmetric
representation eq. (2.8). There is a Dirac mass term on the IR brane (2.9) and a UV boundary
kinetic term for the right-handed fields (2.10). Focusing only on the left-handed fields for the
moment, we can incorporate the IR Dirac mass term into the z = R′ boundary conditions
of the 5D wave function profiles [23], eliminating KK-mixing on the IR brane:
guR = R
′MDguL|z=R′ , (3.7)
similarly for the down sector. We will assume that the errors are small and cQL ,−cQR > 0.
If there was no IR mixing, guL would just be the zero mode g
0
cQL
(i.e. g0 from eq. (2.7)
with c → cQL), and adding a small amount of mixing should not change the shape of that
waveform significantly. The new mode that appears due to mixing is guR , and its shape
is also independent of the size of a small mass. Hence it should be the zero mode that is
normally projected out when the BC’s do not include any mixing, i.e. g0cQR
(which is different
from the usual RH zero mode f 0cQR
= g0−cQR ). A simple ansatz to approximately solve the
exact BCs is therefore
guL = ag
0
cQL
guR = bg
0
cQR
. (3.8)
Using the fermion normalization condition
∫
dz(R/z)4(|guR |2 + |guL|2) = 1 as well as eq.
(3.7), we can solve for the coefficients a and b. Assuming the error is small, one obtains
a ≈ 1− 1
2
(
R′MD
f(cQL)
f(cQR)
)2
b ≈
(
R′MD
f(cQL)
f(cQR)
)
(3.9)
We can now estimate the deviation of a typical coupling to gauge boson Ψ compared to the
zero mode approximation:∫
dz
(
R
z
)4
|guL|2g5Ψ =
[
1−
(
R′MD
f(cQL)
f(cQR)
)2]∫
dz
(
R
z
)4
|g0uL|2g5Ψ (3.10)
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The correction due to including the gR is at most of similar order, and in fact much smaller
for electroweak couplings since |ΨR3| < |ΨL3| near the IR brane and g0cQR is extremely
IR localized. Hence the zero mode approximation overestimates left-handed couplings by
roughly
δL ∼
(
R′MD
f(cQL)
f(cQR)
)2
, (3.11)
which is a relative error independent of the gauge charge. By a similar procedure we obtain
the error for the right-handed couplings. It is simplest to not include the UV brane term in
the BCs and simply renormalize the bulk wave function. Thus we find that the zero mode
approximation overestimates right-handed couplings by
δR ∼
 R′MD√
1 +Kf 0uR(R)
2
f(−cQR)
f(−cQL)
2 . (3.12)
which is negligible unless the UV term is very small. Both of these error estimates have been
confirmed numerically. Using eq. (2.3) we can express them as
δL ∼ M
2
D
M2W logR
′/R
f(cQL)
2
f(cQR)
2
δR ∼ 1
1 +Kf 0uR(R)
2
M2D
M2W logR
′/R
f(−cQR)2
f(−cQL)2
. (3.13)
To demonstrate how significant those errors can be, we computed the couplings in our
toy model numerically for the first quark generation only, incorporating both UV and IR
brane terms into boundary conditions. As fig. 1 shows, we find that one can now have both
QL and QR localized near the UV brane without any S-parameter by turning up the value
of MD! Thus one can get around the canonical assumption that fermions in higgsless RS
models must be almost flat and near the IR brane. If there is significant KK mixing on the
IR brane, the fermions can be UV localized.
Using the Zero Mode Approximation for our Model
As we discussed in Section 3.3, we have used more accurate calculational methods to confirm
that our model can satisfy electroweak precision constraints. The zero mode calculation
without fermion KK-modes will only be used to estimate FCNC suppression. We must
expect percent-level errors for all diagonal couplings and masses that do not involve the top,
and O(1) errors for the top mass and off-diagonal couplings in the up sector. Going from
the zero mode calculation to full KK mixing preserves the general mixing hierarchy, but we
would have to restore a full CKM match by adjusting the up-sector mixing angles by order
unity. This level of accuracy is sufficient to estimate the tightly constrained down-sector
FCNCs to within a few percent. Our estimate for D-mixing, on the other hand, will only be
valid up to a factor of order unity, but this is enough to demonstrate our flavor suppression
mechanism.
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Figure 1: (a) shows the region of bulk masses that reproduces the SM couplings for the first
quark generation with varying magnitudes of the IR brane mass. The three bands are for
three values of ρd = MD/M
min
D , where M
min
D is the smallest possible IR brane Dirac mass
which can reproduce the first generation masses. Darker (lighter) regions indicate that the
coupling is up to 0.6% below (above) SM value. The blue band for ρd = 1 is reproduced
by the zero mode approximation, and shows that QL must be almost flat and near the IR
brane as expected. The green and red bands correspond to ρd = 600 and 1000, and we see
significant shifts which allow the quarks to be UV localized. (b) shows MminD for the first
generation in MeV. It is clear that increasing those brane terms by a factor of 1000 is not
necessarily unreasonable, since it corresponds to a TeV scale MD.
4 Flavor Matching and Protection in the NMFV Model
We will now analyze the flavor-protection mechanisms of the NMFV model in the framework
of the zero-mode calculation. Our first task is to find the correct UV-localized right-handed
kinetic mixing matrices Ku and Kd which reproduce the 4D CKM matrix. After obtaining a
tree-level match to the Standard Model we proceed to find the off-diagonal neutral couplings
which give rise to dangerous tree-level FCNCs.
4.1 Matching in the Zero Mode Approximation
Throughout this section we will drop the u, d subscripts whenever the derivations for the
up- and down-sectors are identical. The problem of matching the zero mode calculation to
the Standard Model factorizes into four steps:
1. Find bulk masses cQR , cQL , cbR , ctR and cL which give the correct quark couplings (not-
ing that some deviation from SM is permissable for the top).
2. Choose a set of unitary matrices ULu, ULd that match g
mass
WuLdL
= U †LugWuLdLULd to the
experimental value of g√
2
VCKM. There is a lot of freedom to choose mixing matrices
here, and we shall address it in Section 6.
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3. Choose IR Dirac masses MD,M3 and M1 which are at least big enough to supply the
charm, bottom and top masses, and bigger if we want to confine the RH quarks to the
UV brane.
4. Find the Ku, Kd kinetic matrices which are required to produce the SM masses and
mixings.
The fourth step works as follows. The total kinetic term is κ = 1 + fRKfR (see eqn. 3.1),
where fR = Diag(f
1
0 , f
2
0 , f
3
0 )|z=R′ is the diagonal matrix of RH quark zero modes evaluated
on the UV brane (note that f 10 = f
2
0 due to flavor symmetry). Using eq. (3.4) we can express
κ in terms of quantities that we know:
|Mmass|2 = U †L(M †κ−1M)UL =⇒ κ = MUL |Mmass|−2 U †LM †. (4.1)
Hence we obtain an expression for the UV brane kinetic mixing matrix:
K = f−1R
[
MUL |Mmass|−2 U †LM † − 1
]
f−1R (4.2)
4.2 Flavor Protection
In the flavor basis, we can always write any left-handed neutral coupling as:
gL = (gΨ)L · 1 + gbulkL , (4.3)
where (gΨ)L is the wave function of the gauge boson that the fermion couples to, evaluated
on the UV brane and multiplied by the appropriate gauge coupling (in the AdS/CFT picture,
this is the elementary part of the gauge boson). All the flavor non-universalities are contained
in the diagonal matrix gbulkL which comes from bulk overlap integrals with the fermions (and
corresponds to the composite gauge boson coupling). For a right-handed neutral coupling
we also have the contribution from the UV kinetic term, which gives
gR = (gΨ)R · (1 + fRKfR) + gbulkR = (gΨ)R · κ+ gbulkR . (4.4)
The form of K is known from eq. (4.2), and we can obtain the right-handed rotation matrix
from eq. (3.3)
HUR =
(
MmassU †LM
−1
)†
. (4.5)
The left-handed couplings just rotate by UL. This is all the information we need to transform
the couplings into the physical basis, where the mass matrix isMmass = Diag(mSM1 ,m
SM
2 ,m
SM
3 ).
Before we do that, however, it is useful to parameterize the IR Dirac masses in terms of
roughly how large we want the UV kinetic terms to be, i.e. how strongly we want to confine
the RH quarks to the UV brane. In the flavor basis, the mass matrix is
M = Diag(M1,M1,M3), (4.6)
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where the flavor symmetry forces the first two terms to be the same and
Mu,d1 = f(−cQR)f(cQL)MD ≡ ρcmc
Md3 = f(−cbR)f(cL)M3 ≡ ρbmb
Mu3 = f(−ctR)f(cL)M1/
√
2 ≡ ρtmt.
(4.7)
ρc,b,t = 1 corresponds to choosing the minimal IR Dirac mass (and a correspondingly minimal
UV kinetic term) which can generate the c, b, t 4D mass. ρc,b,t > 1 simply corresponds to
increasing the IR Dirac mass by that factor, which also increases the UV kinetic term in
order to keep the quark mass constant. This localizes the RH quark on the UV brane.
Now we can apply the basis transformations UL and HUR to eqns. (4.3) and (4.4). We
obtain expressions for the physical 4D neutral couplings:
gmassR = (gΨ)R · 1 +MmassU †LM−1gbulkR (M †)−1ULMmass†
gmassL = (gΨ)L · 1 + U †LgbulkL UL (4.8)
All the off-diagonal terms come from the flavor non-universal bulk part of the coupling,
rotated by the appropriate transformation matrix.
Let us now find explicit expressions for these off-diagonal neutral coupling elements. Our
flavor symmetry imposes gbulkL ≡ Diag(gbulk1L , gbulk1L , gbulk3L ) and gbulkR ≡ Diag(gbulk1R , gbulk1R , gbulk3R ).
The most general form (ignoring phases) that UL can take is:
UL =
 c12c13 c13s12 s13−c23s12 − c12s13s23 c12c23 − s12s13s23 c13s23
−c12c23s13 + s12s23 −c23s12s13 − c12s23 c13c23
 (4.9)
If we assume completely anarchic UV mixing, the FCNC’s will generically be too large.
However, if one assumes Cabibbo-type hierarchies for both ULu and ULd mixing matrices,
s12 = O(1)× λ s23 = O(1)× λ2 s13 = O(1)× λ3 λ ∼ 0.2, (4.10)
then the flavor-changing effects will get an additional Cabibbo-suppression. This amounts
to assuming that there is some systematic UV physics generating the mixing hierarchies.
Substituting all this into eq. (4.8) and expanding to lowest order in λ, we obtain simple
expressions for the off-diagonal neutral couplings. In the down sector,
gmassLd,ij ≈
[
gbulk3Ld − gbulk1Ld
]
U jiLd
gmassRd,ij ≈
[
gbulk3Rd
ρ2bm
2
b
− g
bulk1
Rd
ρ2cm
2
c
]
mjdm
i
dU
ji
Ld
where i < j
and for (i, j) = (1, 2),
U jiLd → U32LdU31Ld.
(4.11)
For the up sector just change subscripts d→ u and replace ρbmb by ρtmt.
The flavor protection of our model is now apparent. Firstly, the surviving flavor symmetry
between the first two generations forces all the mixing to go through the third generation
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(hence NMFV). This is vital to push D and K mixing below the stringent experimental
bounds. Secondly, since we are free to increase ρ > 1, there is an RS-GIM-like flavor
suppression mechanism for the right-handed fermion couplings. This is due to the kinetic
mixing terms, which confine the right-handed quarks to the UV brane and suppress the bulk
contributions to the couplings, which are the source of flavor violation. Finally, since the
charged-current mixing matrix is made up of both the up- and down-sector mixing matrices,
we have some freedom to ‘divide up the mixing’ between the two sectors and reduce FCNCs
for each sector accordingly.
5 Estimating FCNCs for the NMFV Model
We are now in a position to estimate the FCNCs for our NMFV model and compare them
to experimental bounds, as well as to a standard RS setup with a KK scale of 3 TeV and
anarchic Yukawa couplings, where the only flavor protection is due to RS-GIM (see for
example [16]).
5.1 4-Fermi Operators
∆F = 2 FCNCs are mediated by the 4-fermi operators C1,4,5. For the up sector (identically
for the down sector), the relevant terms in the effective Lagrangian are given by
H(u) = Cαβσλ1L(u)(q
α
uLγµq
β
uL)(q
σ
uLγ
µqλuL) + {L→ R}+
Cαβσλ4(u) (q
α
uRq
β
uL)(q
σ
uLq
λ
uR) + C
αβσλ
5(u) (q
cα
uRq
dβ
uL)(q
dσ
uLq
cλ
uR),
where greek letters denote flavor indices and c, d are color indices (if not shown, then color
is contracted inside brackets). We will compute the FCNC operators by integrating out
the massive gauge bosons, then compare them to UTfit bounds [29]. The most relevant
constraints come from meson mixing processes, i.e. D mixing in the up sector and K, Bd
and Bs mixing in the down sector:
CD1L = C
1212
1L(u) C
K
1L = C
1212
1L(d) C
Bd
1L = C
1313
1L(d) C
Bs
1L = C
2323
1L(d) (5.1)
(similarly for C1R, C4, C5). Integrating out the massive gauge bosons in our model, we obtain:
Cαβαβ1L(u) =−
1
3
∑
KK
1
m2G
(
gαβGuLuL
)2
+
1
2
∑
KK
1
m2Z
(
gαβZuLuL
)2
Cαβαβ4(u) =−
∑
KK
1
m2G
gαβGuRuRg
αβ
GuLuL
− 2
∑
KK
1
m2Z
gαβZuRuRg
αβ
ZuLuL
Cαβσλ5(u) =−
1
3
∑
KK
1
m2G
gαβGuRuRg
αβ
GuLuL
(5.2)
where ”KK” indicates that we sum over gauge KK modes, including the SM Z boson. For
each operator, we define a suppression scale Λ by |C| = 1
Λ2
.
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5.2 G′ contributions to FCNCs
We want to write down expressions for the suppression scales of the C1,4,5 operators due to
contributions of the first gluon KK-mode, which dominate if Z-couplings are matched to the
SM and (almost) flavor universal. The mass of the first KK-gluon is given to 10% accuracy
by
mG′ ≈ x1
R′
≈ x1
√
LMW (5.3)
where we have used eq. (2.3), and x1 ≈ 2.4 is the first root of the bessel function J0(x1) = 0.
The bulk part of its coupling to a left-handed zero mode is approximately
gbulkL ≈ gS∗f(ci)2 γ(ci) ≡ gS∗F (c), (5.4)
where γ(c) =
√
2
J1(x1)
∫ 1
0
x1−2cJ1(x1x)dx ≈
√
2
J1(x1)
0.7
6−4c(1 + e
c/2) is an O(1) numerical correction
factor [16]1. Gauge matching sets gS∗ =
√
4piαSL, and we find that numerically, mG′/gS∗ ≈
2MW .
Now put everything together by substituting eq. (5.4) into eq. (4.11), and using those
couplings in eq. (5.2). We obtain the following expressions for the down-sector flavor sup-
pression scales:
Λ
(d)ij
1L ≈
2
√
3MW
U ijLd
|F (cQL)− F (cL)|−1
Λ
(d)ij
1R ≈
2
√
3MW
U ijLd
∣∣∣∣midmjd [F (−cQR)m2cρ2c − F (−cbR)m2bρ2b
]∣∣∣∣−1
Λ
(d)ij
4 ≈
2MW
U ijLd
∣∣∣∣midmjd [F (cQL)− F (cL)] [F (−cQR)m2cρ2c − F (−cbR)m2bρ2b
]∣∣∣∣−1/2
Λ
(d)ij
5 =
√
3Λ
(d)ij
4 (5.5)
where we replace U21Ld → U31LdU32Ld. For the up sector just change subscripts d→ u and replace
ρbmb, cbR by ρtmt, ctR .
To see that our model has sufficient flavor protection to satisfy FCNC constraints we
plug in some typical numbers and compare them to the RS-GIM suppression and the UTfit
experimental flavor bounds on BSM FCNC contributions [29]2. The results are shown in
Table 1 and demonstrate why we need all our suppression mechanisms. The RS-GIM-like
mechanism for the right-handed couplings, together with the flavor symmetry, ensures that
the C4 and C5 operators are easily below bounds, a great improvement on traditional RS-
GIM alone. The suppression scales of the C1 operators are set by Λ1L  Λ1R, which are
only Cabibbo suppressed, with the direct 12 contribution forbidden by the SU(2) flavor
1The accuracy of the approximate expression for γ(c) in [16] is somewhat improved by replacing x1 →
(1 + ec/2)
2We evolve the UTfit bounds down to the KK scale using expressions in [30]. We thank Andreas Weiler
for supplying the necessary code.
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Parameter ΛboundF (3 TeV) RS-GIM ΛF Λ
bound
F (0.7 TeV) NMFV ΛF
ReC1K 1.0 · 103 ∼ r/(
√
6 |VtdVts|f 2q3) = 23 · 103 1.1 · 103 44 · 103
ReC4K 12 · 103 ∼ r(vY∗)/(
√
2mdms) = 22 · 103 11 · 103 19000 · 103
ReC5K 10 · 103 ∼ r(vY∗)/(
√
6mdms) = 38 · 103 10 · 103 33000 · 103
ImC1K 16 · 103 ∼ r/(
√
6 |VtdVts|f 2q3) = 23 · 103 17 · 103 44 · 103
ImC4K 162 · 103 ∼ r(vY∗)/(
√
2mdms) = 22 · 103 150 · 103 19000 · 103
ImC5K 147 · 103 ∼ r(vY∗)/(
√
6mdms) = 38 · 103 150 · 103 33000 · 103
|C1D| 1.3 · 103 ∼ r/(
√
6 |VubVcb|f 2q3) = 25 · 103 1.3 · 103 1.8 · 103
|C4D| 3.7 · 103 ∼ r(vY∗)/(
√
2mumc) = 12 · 103 3.5 · 103 200 · 103
|C5D| 1.4 · 103 ∼ r(vY∗)/(
√
6mumc) = 21 · 103 1.5 · 103 500 · 103
|C1Bd | 0.22 · 103 ∼ r/(
√
6 |VtbVtd|f 2q3) = 1.2 · 103 0.22 · 103 0.35 · 103
|C4Bd | 1.7 · 103 ∼ r(vY∗)/(
√
2mbmd) = 3.1 · 103 1.6 · 103 24 · 103
|C5Bd | 1.3 · 103 ∼ r(vY∗)/(
√
6mbmd) = 5.4 · 103 1.4 · 103 41 · 103
|C1Bs| 31 ∼ r/(
√
6 |VtbVts|f 2q3) = 270 31 70
|C4Bs| 210 ∼ r(vY∗)/(
√
2mbms) = 780 190 1000
|C5Bs| 150 ∼ r(vY∗)/(
√
6mbms) = 1400 155 1800
Table 1: We compare lower bounds on the NP flavor scale ΛF (all in TeV) for arbitrary
NP flavor structure from the UTFit collaboration [29] to the effective suppression scale in
RS-GIM [16] and our higgsless NMFV model, see eq. (5.5). In this RS-GIM model, |Y∗| ∼ 3,
fq3 = 0.3 and r = mG/gs∗, with a KK scale of ∼ 3 TeV. For the higgsless model L ≈ 13
determines a KK scale mG ≈ 700 GeV. Setting ρc = 10 gives MD = 110 GeV ∼ 1/R′, and
(cQL , cQR) = (0.48,−0.44) matches the couplings for the first two generations to the SM.
A third generation EWPD match is most easily obtained for ρb,t = 1 and (cL, cbR , ctR) =
(0.1,−0.73, 0). To satisfy the flavor bounds, we need to push more mixing into the up-sector
by setting λ−1U13L(d) ∼ U13L(u) ∼ λ3 and λ−1U32L(d) ∼ U32L(u) ∼ λ2.
symmetry. This is another reason why we need the flavor symmetry – breaking it would
increase 12-mixing by ∼ λ4 ∼ 500, immediately violating bounds. Even with the flavor
symmetry, the C1 operators are close to bounds and the greatest source of angle constraints
– indeed, we can see that most of the mixing will have to be in the up-sector.
5.3 Z contribution to FCNCs
We have not explicitly estimated FCNC contributions due to Z-exchange, however they are
included in the numerical scans in Section 6. They are negligible for the down sector, since
all three diagonal couplings are matched to the SM, but the top coupling deviates by O(40%)
in the full calculation, generating off-diagonal terms in the up-sector. The scale of the Z ′
contributions to FCNCs (more important for LH than RH couplings, since gZu`u` ≈ 2gZuruR)
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can be estimated using C1 ∼ (gL/mKK)2 and compared to the gluon KK contribution:
O(0.4)
gSMZt`t`
mZ
∼ 1
103 GeV
− 1
102 GeV
and
gS∗F (cL)
mG
∼ 1
102 GeV
. (5.6)
Indeed, numerical scans in Section 6 show that Z contribution are negligible for all FCNC
operators except C1D, where it does not invalidate the suppression mechanism but does supply
a competitive contribution. In comparing FCNC’s to experiment, one might worry that one
has to take into account that the Z contributes to FCNCs at a much lower scale than the
KK modes. This is unnecessary, since the C1D operator only changes by a few percent as we
evolve it from our KK scale to the weak scale.
5.4 Contribution to FCNCs from Higher-Dimensional Operators
in the 5D Action
Since 5D gauge theories are not renormalizable, our fermion action could include terms of
the form ∫
d5x
√
g
ΨΨΨΨ
Λ3
, (5.7)
where Λ = 16pi/g25 = ΛcutoffR
′/R (see eqn. 2.5) is the unwarped 5D cutoff. The SU(2) flavor
symmetry forbids contributions of this form to 12 mixing, but they do contribute for 13 and
23 mixing3. Since the right-handed quarks live almost entirely on the UV brane, where the
cutoff is very high, we only have to worry about the left-handed quarks. The contribution
to C1Bs and C
1
Bd
is
∼ 1
Λ3cutoff
∫
dz
(
R
z
)5(
R
R′
)
(gbLgdL)
2 ∼ 1
(200− 500 TeV)2 , (5.8)
depending on fermion localization. Comparing this to the experimental bounds in Table 1
of 31 and 22 TeV respectively, it is clear that we can ignore contributions by these operators.
6 Numerical Results and Mixing Constraints
We will now perform numerical scans to verify the results of the zero mode calculation and
explicitly demonstrate that the higgsless NMFV model can satisfy flavor constraints. This is
necessary because, once we have chosen our gauge sector, fermion bulk masses and IR brane
terms, there is an overall rotation amongst the UV kinetic terms that is unconstrained by
electroweak precision data and determines the FCNCs.
Our method for this scan is as follows: we will first perform some calculations without
flavor mixing, which incorporate the diagonal brane terms into the boundary conditions to
capture all KK mixing effects and match the SM couplings. Assuming any small flavor
3We thank Andreas Weiler for pointing this out.
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mixing would not change the diagonal couplings by much, we can use these calculations as a
guideline in choosing our bulk and IR masses for a fully mixed calculation. We then explicitly
calculate FCNCs for those input parameters by scanning over allowed down-sector mixing
angles. This initial scan will be performed in the zero mode calculation for computational
efficiency. Since there will likely be sizeable errors in the up-sector, we will take those points
which passed FCNC bounds and recalculate them with full KK- and T-mixing, discarding
those which now lie beyond bounds.
We should note that exact compliance with EWPD is not required for this scan, since
a small adjustment to the input parameters (to correct any small deviations) would not
change the FCNCs significantly. At any rate, using the zero mode calculation to match
flavor rotations introduces order unity errors into the charged-current mixing angles, which
would have to be corrected by readjusting the up-sector rotations. We can do without such
complications, since we only strive for Cabibbo-type mixing in our scan, and most of the
flavor constraints are in the down sector. If our scan indicates that FCNCs are under control
for a general Cabibbo-type mixing, then they should also be under control for an exact CKM
match.
6.1 Input Parameters
For our gauge sector, we choose g5L = g5R, R
−1 = 108 GeV and set effective BKTs at the
weak scale to zero or as small as possible. This gives L ≈ 13 and the highest possible cutoff
scale.
In order to match the bottom couplings, we set both M1 and M3 to their minimum values
and move only the bR close to the UV. From an unmixed calculation with full BCs we find
the following values:
cbR = −0.73, ctR = 0, cL = 0.1, M1 = 600 GeV, M3 = 140 GeV. (6.1)
We also know that we need to ramp up MD beyond its minimum value to satisfy con-
straints on the C4,5 operators, so we choose ρc = 10. In order to pick bulk masses for the
first two generations, we run another unmixed calculation with full boundary conditions and
select three possible (cQL , cQR) values to run angle scans for:
Scan 1 2 3
cQR −0.37 −0.44 −0.57
cQL 0.48 0.48 0.57
MD ( GeV) 76 101 445
6.2 Angle Scans
We will calculate FCNCs due to tree-level Z,Z ′, G′, G′′-exchange, for one million different
down-sector mixings per scan. We can parametrize the CKM mixing matrix as
V (s12, s23, s13, δ) =
 c12c13 c13s12 s13e−iδ−c23s12 − c12s13s23e−iδ c12c23 − s12s13s23e−iδ c13s23
−c12c23s13e−iδ + s12s23 −c23s12s13e−iδ − c12s23 c13c23
 (6.2)
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where, for example, (s12, s23, s13, δ)CKM = (0.227, 0.0425, 4 · 10−3, 0.939) would satisfy the
PDG constraints on VCKM [31]. Naively, we would think that we can obtain the correct
CKM matrix by defining our up- and down-sector LH rotations as
ULu = UV
†
CKM ULd = U, (6.3)
and letting U be an arbitrary unitary rotation matrix which gives the down-sector mixing.
This is sufficient for this scan, even though it only gives an order unity estimate of the
up-sector mixing angles. In this analysis we shall also ignore phases, since we are after
a scan of the magnitudes of the possible mixing matrices, and for our purposes we define
VCKM = V (s
CKM
12 , s
CKM
23 , s
CKM
13 , 0) (otherwise we could never cancel this matrix with a real
rotation, introducing an up-mixing bias into our scan). To avoid obviously large FCNCs, we
will make the assumption that the mixing angles of U have a natural size comparable to those
of the final VCKM mixing matrix. We parametrize U with angle-coordinates (a, b, c) ∼ O(1):
U = V (s12, s23, s13, 0) where s12 = as
CKM
12 s23 = bs
CKM
23 s13 = cs
CKM
13 (6.4)
Note that (a, b, c) = (0, 0, 0) and (a, b, c) = (1, 1, 1) put all the mixing into the up- and
down-sector respectively, so to avoid a bias in our scan we define the range of the angle
coordinates to be a, b, c ∈ (−2, 3). Once we determine which points in angle-space satisfy
FCNCs in the zero mode calculation, we re-check those points using a full KK calculation.
6.3 Results
As we can see from the similar plots in fig. 2, the choice of bulk masses does not have a
great effect on the nature of constraints on the down-mixing angles. This is expected since
the C1 operators, which are the greatest bottleneck, are only weakly dependent on cQR , cQL
– the dominant contribution comes from the large F (cL), see eq. (5.5). In eliminating points
which do not satisfy FCNC bounds with full KK mixing, we only loose a few percent of
points in each scan. The zero mode calculation is therefore sufficient for estimating the
angle constraints.
The FCNC bounds impose entirely systematic constraints on the down-sector mixing
angles. This can be seen from fig. 3, where we take slices at different points on the b-axis
(i.e. s23) and project them onto an ac-plane. A point in angle-space satisfies FCNC bounds
if and only if it lies within a well-defined sub-volume, i.e. the constraints are systematic.
Assuming Cabibbo-type mixing, the good points occupy ∼ O(5%) of the total angle space.
This is not really ‘tuning’ in the usual sense, it merely means that whatever UV-scale mech-
anism generates the mixings should give a somewhat larger mixing in the up-sector than
in the down-sector. We note that while s12 and s13 are correlated, their range is fairly un-
constrained, whereas s23 must fall within strict limits to satisfy C
1
Bs
constraints. Roughly
speaking, less than half the 23-mixing is allowed to be in the down sector.
We can conclude that our higgsless NMFV model should have no trouble satisfying FCNC
bounds as long as certain systematic constraints on the down-sector mixing angles are met.
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Figure 2: Left to right: Points in ULd angle space for scans 1, 2 and 3 that satisfy FCNC
constraints in the zero mode calculation, where s12 = as
CKM
12 , s23 = bs
CKM
23 and s13 = cs
CKM
13 .
Dark red points are found to violate the bounds when taking into account KK mixing.
Figure 3: Slices of thickness 0.1 in the (a, c)-plane at different points along the b-axis, from
b = −0.5 to b = 0.5, for scan 2 (scans 1 and 3 are similar). Green (light) points satisfy FCNC
constraints in the zero mode calculation, and red (dark) points fail bounds when KK mixing
is taken into account. The points which fail FCNC bounds in the zero mode calculation are
not shown, but they fill up the entire remaining volume of angle space. There is no overlap
between points satisfying FCNC bounds and points that do not – they occupy well defined,
mutually exclusive volumes.
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7 Conclusion
We examined various possibilities for higgsless RS model-building, and constructed a model
with next-to-minimal flavor violation satisfying tree-level electroweak precision and meson-
mixing constraints, as well as CDF bounds. The theory has a sufficiently high cutoff of
∼ 8 TeV to unitarize WW -scattering at LHC energies, the third generation is in the custodial
quark representation to protect the bottom couplings, and a combination of flavor symmetries
and UV confinement of the right-handed quarks suppress FCNCs. Using numerical scans,
we were able to demonstrate that our model can satisfy flavor bounds as long as the down-
sector mixing angles are Cabibbo-type and satisfy systematic constraints. We also found
quantitative error estimates for the zero mode approximation, which are important for RS
model-building with a low KK scale.
This model has distinctive experimental signatures, allowing it to be excluded early on
at the LHC. Apart from the absence of the Higgs, the usual higgsless RS signals include [32]
a relatively light G′ with a mass below 1 TeV, as well as Z ′ and W ′ which are harder to
detect (see Section 3.3). More specific to our setup is an exotic X-quark with charge 5/3
and a mass of ∼ 0.5 TeV, which could be detected with less than 100 pb−1 of data [24]. The
NMFV model also predicts non-zero correlated flavor-changing neutral currents, which lie
relatively close to current experimental bounds and would be detected in the next generation
of flavor experiments.
Acknowledgements
We are grateful to Andreas Weiler, Kaustubh Agashe and Yuval Grossman for many useful
discussions and comments on the manuscript, and in particular we thank Andreas Weiler
for his help with calculating the RGE evolution of the UTfit flavor bounds. This research
has been supported in part by the NSF grant number NSF-PHY-0757868. C.C. was also
supported in part by a U.S.-Israeli BSF grant.
References
[1] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69, 055006
(2004) [arXiv:hep-ph/0305237].
[2] C. Csaki, C. Grojean, L. Pilo and J. Terning, Phys. Rev. Lett. 92, 101802 (2004)
[arXiv:hep-ph/0308038].
[3] R. S. Chivukula, D. A. Dicus, H. J. He and S. Nandi, Phys. Lett. B 562, 109 (2003)
[arXiv:hep-ph/0302263]; R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and
M. Tanabashi, Phys. Rev. D 71, 115001 (2005) [arXiv:hep-ph/0502162].
[4] R. Casalbuoni, S. De Curtis and D. Dominici, Phys. Rev. D 70 (2004) 055010
hep-ph/0405188; R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tan-
abashi, Phys. Rev. D 70 (2004) 075008 hep-ph/0406077; H. Georgi, Phys. Rev. D
23
71, 015016 (2005) hep-ph/0408067; R. Sekhar Chivukula, E. H. Simmons, H. J. He,
M. Kurachi and M. Tanabashi, Phys. Rev. D 71 (2005) 035007 hep-ph/0410154;
R. S. Chivukula, B. Coleppa, S. Di Chiara, E. H. Simmons, H. J. He, M. Kurachi
and M. Tanabashi, Phys. Rev. D 74, 075011 (2006) [arXiv:hep-ph/0607124].
[5] Y. Nomura, JHEP 0311, 050 (2003) [arXiv:hep-ph/0309189]; G. Burdman and Y. No-
mura, Phys. Rev. D 69, 115013 (2004) [arXiv:hep-ph/0312247]; R. Barbieri, A. Pomarol
and R. Rattazzi, Phys. Lett. B 591, 141 (2004) [arXiv:hep-ph/0310285] H. Davoudiasl,
J. L. Hewett, B. Lillie and T. G. Rizzo, Phys. Rev. D 70, 015006 (2004) [arXiv:hep-
ph/0312193]; H. Davoudiasl, J. L. Hewett, B. Lillie and T. G. Rizzo, JHEP 0405, 015
(2004) [arXiv:hep-ph/0403300]; J. L. Hewett, B. Lillie and T. G. Rizzo, JHEP 0410,
014 (2004) [arXiv:hep-ph/0407059].
[6] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221].
[7] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Phys. Rev. D 71, 035015 (2005)
[arXiv:hep-ph/0409126]; R. Foadi, S. Gopalakrishna and C. Schmidt, Phys. Lett. B
606, 157 (2005) [arXiv:hep-ph/0409266]; R. S. Chivukula, E. H. Simmons, H. J. He,
M. Kurachi and M. Tanabashi, Phys. Rev. D 72, 015008 (2005) [arXiv:hep-ph/0504114];
R. Casalbuoni, S. De Curtis, D. Dolce and D. Dominici, Phys. Rev. D 71, 075015 (2005)
[arXiv:hep-ph/0502209].
[8] K. Agashe, R. Contino, L. Da Rold and A. Pomarol, Phys. Lett. B 641, 62 (2006)
[arXiv:hep-ph/0605341].
[9] G. Cacciapaglia, C. Csaki, G. Marandella and J. Terning, Phys. Rev. D 75, 015003
(2007) [arXiv:hep-ph/0607146].
[10] Y. Grossman and M. Neubert, Phys. Lett. B 474, 361 (2000) [arXiv:hep-ph/9912408];
T. Gherghetta and A. Pomarol, Nucl. Phys. B 586, 141 (2000) [arXiv:hep-ph/0003129].
[11] G. Burdman, Phys. Rev. D 66, 076003 (2002) [arXiv:hep-ph/0205329]; Phys. Lett. B
590, 86 (2004) [arXiv:hep-ph/0310144]. S. J. Huber, Nucl. Phys. B 666, 269 (2003)
[arXiv:hep-ph/0303183]; S. J. Huber and Q. Shafi, Phys. Lett. B 498, 256 (2001)
[arXiv:hep-ph/0010195].
[12] K. Agashe, G. Perez and A. Soni, Phys. Rev. D 71, 016002 (2005) [arXiv:hep-
ph/0408134]; Phys. Rev. Lett. 93, 201804 (2004) [arXiv:hep-ph/0406101].
[13] K. Agashe, M. Papucci, G. Perez and D. Pirjol, arXiv:hep-ph/0509117; Z. Ligeti,
M. Papucci and G. Perez, Phys. Rev. Lett. 97, 101801 (2006) [arXiv:hep-ph/0604112].
[14] S. Davidson, G. Isidori and S. Uhlig, Phys. Lett. B 663, 73 (2008) [arXiv:0711.3376
[hep-ph]].
[15] G. Cacciapaglia, C. Csaki, J. Galloway, G. Marandella, J. Terning and A. Weiler, JHEP
0804, 006 (2008) [arXiv:0709.1714 [hep-ph]].
24
[16] C. Csaki, A. Falkowski and A. Weiler, JHEP 0809, 008 (2008) [arXiv:0804.1954 [hep-
ph]].
[17] S. Casagrande, F. Goertz, U. Haisch, M. Neubert and T. Pfoh, JHEP 0810, 094 (2008)
[arXiv:0807.4937 [hep-ph]]; M. Blanke, A. J. Buras, B. Duling, S. Gori and A. Weiler,
JHEP 0903, 001 (2009) [arXiv:0809.1073 [hep-ph]]; M. Blanke, A. J. Buras, B. Duling,
K. Gemmler and S. Gori, JHEP 0903, 108 (2009) [arXiv:0812.3803 [hep-ph]]; M. E. Al-
brecht, M. Blanke, A. J. Buras, B. Duling and K. Gemmler, arXiv:0903.2415 [hep-ph].
[18] A. L. Fitzpatrick, G. Perez and L. Randall, arXiv:0710.1869 [hep-ph]; J. Santiago, JHEP
0812, 046 (2008) [arXiv:0806.1230 [hep-ph]]; C. Csaki, A. Falkowski and A. Weiler,
arXiv:0806.3757 [hep-ph]; K. Agashe, A. Azatov and L. Zhu, arXiv:0810.1016 [hep-ph].
[19] K. Agashe, A. E. Blechman and F. Petriello, Phys. Rev. D 74, 053011 (2006) [arXiv:hep-
ph/0606021]; M. C. Chen and H. B. Yu, Phys. Lett. B 672, 253 (2009) [arXiv:0804.2503
[hep-ph]]; G. Perez and L. Randall, JHEP 0901, 077 (2009) [arXiv:0805.4652 [hep-
ph]]; C. Csaki, C. Delaunay, C. Grojean and Y. Grossman, JHEP 0810, 055 (2008)
[arXiv:0806.0356 [hep-ph]]; K. Agashe, T. Okui and R. Sundrum, Phys. Rev. Lett. 102,
101801 (2009) [arXiv:0810.1277 [hep-ph]].
[20] K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308, 050 (2003) [arXiv:hep-
ph/0308036].
[21] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Phys. Rev. D 70, 075014 (2004)
[arXiv:hep-ph/0401160].
[22] L. Randall and M. D. Schwartz, JHEP 0111, 003 (2001) [arXiv:hep-th/0108114];
W. D. Goldberger and I. Z. Rothstein, Phys. Rev. Lett. 89, 131601 (2002) [arXiv:hep-
th/0204160]; Phys. Rev. D 68, 125011 (2003) [arXiv:hep-th/0208060]; Phys. Rev. D
68, 125012 (2003) [arXiv:hep-ph/0303158]; K. w. Choi and I. W. Kim, Phys. Rev. D
67, 045005 (2003) [arXiv:hep-th/0208071]; K. Agashe, A. Delgado and R. Sundrum,
Nucl. Phys. B 643, 172 (2002) [arXiv:hep-ph/0206099]; Annals Phys. 304, 145 (2003)
[arXiv:hep-ph/0212028]; R. Contino, P. Creminelli and E. Trincherini, JHEP 0210,
029 (2002) [arXiv:hep-th/0208002].
[23] C. Csaki, C. Grojean, J. Hubisz, Y. Shirman and J. Terning, Phys. Rev. D 70, 015012
(2004) [arXiv:hep-ph/0310355].
[24] R. Contino and G. Servant, JHEP 0806, 026 (2008) [arXiv:0801.1679 [hep-ph]].
[25] T. Aaltonen et al. [CDF Collaboration], arXiv:0811.0053 [hep-ex]; T. Aaltonen et
al. [CDF Collaboration], arXiv:0902.3276 [hep-ex]; A. Abulencia et al. [CDF Col-
laboration], Phys. Rev. Lett. 95, 252001 (2005) [arXiv:hep-ex/0507104]; A. Abu-
lencia et al. [CDF Collaboration], Phys. Rev. Lett. 96, 211801 (2006) [arXiv:hep-
ex/0602045]; T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 99, 171802
(2007) [arXiv:0707.2524 [hep-ex]].
25
[26] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D 77, 051102 (2008)
[arXiv:0710.5335 [hep-ex]].
[27] CDF Collaboration, “A Search for Massive Gluon Decaying to Top Pair in Lepton+Jet
Channel” [www-cdf.fnal.gov/physics/exotic/exotic.html].
[28] B. Lillie, L. Randall and L. T. Wang, JHEP 0709, 074 (2007) [arXiv:hep-ph/0701166].
[29] M. Bona et al. [UTfit Collaboration], JHEP 0803, 049 (2008) [arXiv:0707.0636 [hep-
ph]].
[30] J. A. Bagger, K. T. Matchev and R. J. Zhang, Phys. Lett. B 412, 77 (1997) [arXiv:hep-
ph/9707225]; M. Ciuchini, E. Franco, V. Lubicz, G. Martinelli, I. Scimemi and L. Sil-
vestrini, Nucl. Phys. B 523 (1998) 501 [arXiv:hep-ph/9711402]; A. J. Buras, S. Jager
and J. Urban, Nucl. Phys. B 605 (2001) 600 [arXiv:hep-ph/0102316].
[31] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008)
[32] A. Birkedal, K. Matchev and M. Perelstein, Phys. Rev. Lett. 94, 191803 (2005)
[arXiv:hep-ph/0412278]; C. Englert, B. Jager and D. Zeppenfeld, JHEP 0903, 060
(2009) [arXiv:0812.2564 [hep-ph]]; A. Martin and V. Sanz, to appear.
26
